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3QUANTITY OF STORM RUNOFF WATER IN
URBAN AREAS
Matti Melanen & Risto Laukkanen
MELANEN, M. & LAUKKANEN, R. 1981. Quantity of storm runoffwater
in urban areas. Publications of the Water Research Institute, National Board
of Waters, Finland, No. 42.
In experiments carried out over a three-year period at seven urban test sites,
the percentage of area covered by paved surfaces in a catchment was found to
be the dominant factor determining the magnitude of both the total and peak
runoff coefficients. During rainfall events, on the average, the surfaces,
generating direct runoff, were found to account for 50 to 80 % of the area of
paved surfaces in residential catchments, and for 80 to 90 % in city centres
and industrial catchments. On the basis of observations of the investigation,
the dimensioning peak runoff coefficient, caused by a rainfali peak over a
five-minute interval, is of the order of 0.05 to 0.10 in residential catchments
with low dwelling density, 0.10 to 0.25 in other residential catchments, 0.10
to 0.40 in industrial catchments, and 0.20 to 0.50 in city centres. Roughly
half of the variance of runoff coefficients in the individual catchments
could be explained by variables characterizing rainfali events, season and
antecedent conditions. Apart from the impact of the proportion of
impervious area in the catchment, the severity of rainfail in Finland has
no significant effect on the magnitude of the dimensioning peak runoff
coefficient.
Index words: Urban hydroiogy, rainfall-runoff reiationships, runoff coef
ficient.
1. INTRODUCTION
A three-year research programme, the Finnish
Urban Storm Water Project, commenced in 1977
in order to obtain data on the quantity and quality
of urban runoff as part of the hydrological cycle.
The field experiments of the investigation,
carried out over the 1977—1979 period in seven
urban test catchments, included the measurement
of rainfail and runoff, runoff sampling, and
sampling of the atmospheric particle deposition.
In this report the urban rainfall-runoff relation
ships are discussed on the basis of statistical
evaluation of the data gathered in the test
catchments over this three-year period. Preliminary
analyses have been reported by the authors earlier
(Melanen and Laukkanen 1980 and 1981, Lauk
kanen and Melanen 1980).
The objectives of the study were following: (1)
to obtain the magnitude of the total and peak
runoff coefficients in various catchment categories
for use in dimensioning of stormdrainage net
works, and (2) to analyse and quantify the
dependence of the runoff coefficients on catchment
characteristics and hydrometeorological factors.
1 1281028201—13
42. TEST CATCHMENTS
The location of the seven test catchments is
shown in Fig. 1 and Tabie 1.
The catchments were originally chosen to differ
from each other as to physiographic characteristid
(Tabie 2), and weather and ciimatic conditions.
Ali the catchments have separate storm-drainage
systems, roughiy 10 to 15 years old (Table 3).
A more detailed description of the test sites, that
also inciudes characteristics which have an influ
ence on the runoff quaiity, is given by Melanen
(1980).
2.1 Residential catchments
2.11 Pakila
The suburban residential catchment of Pakila in
Helsinki (Fig. 2) with low-rise housing represents
the iowest degree of urbanization among the test
sites; the paved surfaces comprise 29 % of the
drainage area.
The yards and gardens with plantings are typical
to the catchment; thus, the proportion of green
areas is 67 % of the drainage area.
Topographically, the catchment is slightly hiily.
The bedrock is mainly covered by a thin, less
than 3 metres deep coarse soil iayer (sand, fine
sand, underneath a thin layer of fine sand — silt
moraine). The top of the soi! is covered by a
humus iayer in several spots of the catchment.
At a couple of points thin clay layers occur above
the coarse soil layer. Under the clay silt may a!so
be found.
The surfacing materia! of the streets and paved
yards is asphalt. The dominant coating materiais
of the roofs are roofing feit and tile.
2.12 Kaukovainio
The suburban residential catchment of Kauko-
vainio in Oulu (Fig. 3) is a high-rise area with a
relatively low population density. The proportion
of paved surfaces is 30 % of the drainage area.
The catchment is characterized by wide homo
geneous green areas which comprise 61 % of the
total drainage area, the prevailing tree species
being pine.
The topography in the drainage area is remark
abiy flat. The soil is for the most part sand and
fine sand with good infi!tration properties. Siit
and moraine aiso occur as upper !ayers in the
catchment.
The surfacing material of the streets and paved
yards is aspha!t. Roofing fe!t and ga!vanized iron
are the most common roof materia!s.
Table 1. Location of test catchments.
Catchment Municipality Coordinateslatitude longitude
Herttoniemi Helsinki 600 12’N 2 5°02’E
Kontula Helsinki 60°14’N 25°05’E
Pakila Helsinki 60°15’N 24°57’E
Nekala Tampere 61°29’N 23°48’E
Hämeenpuisto Tampere 6 1°30’N 23°45’E
Kajaani centre Kajaani 64°13’N 27°44’E
Kaukovainio Oulu 6 5°00’N 25°32’ E
2.13 Kontula
The suburban residentia! catchment of Kontuia
in Helsinki (Fig. 4) is an example of high-rise
areas with a high dwelling density. The paved
surfaces cover 40 % of the area.
The proportion of green areas is 53 % of the
drainage area. The trees are main!y pines.
Fig. 1. Location of test catchments and municipalities.
5Table 2. Characteristics of test catchments.
Catchment Type Population Drainage Percentage paved surfaces Percentage roofs
density area in ali with direct of paved surfaces
access to with direct access
drainage to drainage
network network
persons ha’ ha % ofdrainage area
Pakila suburban residential 30 20.2 29 23 24
(Iow-rise housing)
Kaukovainjo suburban residential 85 40.5 30 23 24
(high-rise housing)
Herttoniemi traffic (motor way, •a 14.2 33 19 4
underground railway) 151b 37b 24b 7b
Kontula suburban residentia] 160 22.9 40 38 25
(high-rise housing)
Nekala industrial - 14.1 40 30 30
(mixed industry) l43’ 41C
Kajaani city centre- 65 18.5 64 57 24
commercial
Hämeenpuisto city centre- 125 13.2 67 67 24
commercial
Table 2. Continued.
Catchment Percentage Volume Percentage areas be- Main soil Average siope Height of
green ofgrowing yondpavedsurfaces types ofpaved catchment
areas stock havingiowinfiltrarion areae above sea
capacity (filling earth, ievei
cohesive soil,
% of drainage solid rock outcrops) 0/00 m
area m3 ha1 % of drainage area
Pakila 67 24 17 sand, fine sand 30 +23 to +41
Kaukovainio 61 52 9 fine sand, sand 10 +13 to +19
Herttoniemi 46 12 14 sand, siit, 13d +6 to +23
43b 11b 13b fihling earth
Kontula 53 12 7 siit, sand 18 +35 to +50
Nekala 32 11 60 filling earth, 13 +85 to +89
31c S9 clay, siit
Kajaani 23 13 36 siit, fine sand 16 +140 to +156
Hämeenpuisto 24 30 33 filling earth, 22 +93 to +112
siit, sand
a: roughly 45 000 motor vehicles a day; b: since Oct. 1, 1978 when subway station was connecred, C: since Jan. 1,
1979 when a new establishment was connected; d: siope of carriage ways of motor way; e: surfaces with direct
access tostorm-drainage network (roofs excluded); f: N60 elevation system, surveyed on maps -
The topography of the catchment varies to some
extent. In the southern and western parts rather
steep-edged rock outcrops are found; the bedrock
is generally close to the ground surface in the
whole catchment. Soi! layers consist mainly of si!t,
sand and siit-moraine. Peat can also be found
above the friction-soil layers in the undeve!oped
parts of the drainage area.
Again, asphalt is the surfacing material of the
streets and paved yards. The roof coatings are
mainly roofing feit and galvanized iron.
2.2 Industrial and traffic catchments
2.21 Neka!a
The industrial catchment of Neka!a in Tampere
(Fig. 5) represents an area with small and medium
size industry, and is characterized by !arge ware
houses and storage yards; the paved surfaces
comprise 41 % of the drainage area.
The proportion of green areas is 31 %. Roughly
28 % of the total drainage area consists of gravel.
and sand and the storage yards are for the most
part covered by these materiais.
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Fig. 2. View from single-family residential catchment of
Pakila.
Fig. 5. View to industrial catchment of Nekala.
Fig. 3. View from multi-family residential catchment of
Kaukovainio.
Fig. 6. View from traffic catchment of Herttoniemi.
..
/
Fig. 4. View from multi-family residential catchment of
Kontula.
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Fig. 7. Vjew from city centre-commercial catchment of
Kajaani.
7Table 3. Characteristics of storm-drainage networks.
Pipe material/
pipe length
Catchment Construction
period
Range of pipe Total pipe Distance from Average
diameters length remotest point of siope of
network to runoff networka
measurement point
mm m m 0/00
Pakila 1968—1970 concrete/2m 300— 600 2500 870 20
Kaukovajnjo 1966—1971 concrete/1—2 mb 300— 600b 2 800b 1 360bHerttoniemj 19631965b concrete/1—2 m 150—1 400 1 300 760 10
Kontula 1965 concrete/1—2m 300—1 000 1 300 740 9
Nekala 1964—1965 concrete/1—2 m 300—1 200 1 500 520 5
Kajaani 1968—1972 concrete/1 m 300— 800 2 200 710 14
Hämeenpuisto 1968—1975 concrete/1—2 m 225—1 000 1 500 710 14
As to topography, the catchment is fiat. Only
a rough estimate of the soil-type proportions is
avaiiabie, according to which the top layer in
practicaiiy the entire drainage area consists of
filling earth with friction soil, below which occurs
at some points a siit-ciay iayer of several metres.
A typicai characteristic of the catchment is that
heavy traffic has brought about consoiidation of
the ground surface, yieiding a low infiitration
capacity of the top soil layer.
The surfacing material of the streets and paved
yards is asphait. Roofing feit and sheet iron are
the principal coating materiais of the roofs.
2.22 Herttoniemi
The traffic catchment of Herttoniemi in Helsinki
(Fig. 6) consists of a stretch of a motor way, part
Fig. 8. View to city centre-commercial catchment of
Hämeenpuisto.
of an underground railway, and a mixed industriai
and residential area. In ali, the proportion of paved
surfaces is 37 % of the drainage area (33 % before
the connection of a subway station to the drainage
system in autumn 1978).
The length of the stretch of the two-carriage
way motoiway in the drainage area is one kilo
metre. The area of the carriage ways totals 3.2
hectares of which 2.3 hectares (16 % of the total
drainage area) are with direct access to the storm
drainage system. In addition, drainage water of the
underground railway flows through the runoff
measurement point of the catchment.
On the northern side of the motor way, the
topography is partly very steep; however, this part
of the drainage area is mainly without direct
access to the storm-drainage system. The bedrock
is found within one to ten metres from the ground
ievei. The top iayer consists mostiy of a couple of
metres of sand, under which there is a moraine
iayer of one to two metres containing a lot of
stones. In some parts of the drainage area the top
layers consist of filiing earth, siit and boulders.
Again, the surfacing materiai of the carriage
ways and other paved passage ways is asphalt.
2.3 City centre
— commercial
catchments
2.31 Kajaani centre
The structure of the Kajaani centre catchment
(Fig. 7) is heterogeneous when compared to the
other test sites. The drainage area consists of an
intensive traffic area, shopping centre, high-rise
buildings and old wooden residential houses. In ali,
the proportion of paved surfaces is 64 %.
The proportion of green areas and the volume of
a: weighted by pipe-stretch Iengths; b: drainage system of underground railway not included
8growing stock are low; the green areas comprise
23 % of the drainage area.
The information about soil structure in the
catchment is rather scarce. According to the data
avaiiabie, the soil consists mostiy of siit and sand,
occasionaily aiso of moraine with poor infiitration
properties. The soil structure is coarser in the
northwestern part of the catchment where the
terrain also rises higher than in the other parts of
the drainage area.
The surfacing material of the streets and paved
yards is asphalt. Roofing feit, sheet iron and tile
occur as coating materiais for the roofs.
2.32 Hämeenpuisto
The city centre
— commerciai catchment of
Hämeenpuisto in Tampere (Fig. 8) is the most
urbanized one of the sites; the proportion of paved
surfaces is 67 % which are also ali directly
connected to the storm-drainage system. High-rise
buildings and commerciai blocks are dominant in
the catchment.
An avenue passing through the catchment
brings the proportion of green areas to 24 % of
the total drainage area.
The terrain siopes downward in south along the
avenue. According to the data avaiiable on the
soil-type proportions, there is generally filling
earth as the top iayer, above a cohesive soii iayer or
friction-soii iayer mixed with clay.
The principai surfacing material of the streets
and yards is asphait; yet, on some main streets
stone pavement occurs. The main roof coatings are
galvanized iron and roofing feit. Roughly 5 % of
the roofs are covered with copper.
3. METHODOLOGY USED
3.1 Rainfail recording
3.11 Rain gauges used
In each catchment rainfali was continuaily recorded
on chart by a German-made pluviograph of the
Helimann type without wind shield (Fig. 9)
(Lambrecht-Heilmann 1509—20 and Fuess-Hell
mann 95 c). In some catchments a Soviet
piuviograph of the type P-2 was used part of the
time. In both piuviograph models the rim of the
orifice iies at a height of 1.2 metres, the coilecting
areas of orifice being 200 cm2 in the Heilmann
pluviograph and 500 cm2 in the pluviograph P-2.
From the chart of the pluviographs, rainfail was
analysed manually over five-minute intervais (the
shortest interval to give satisfactory accuracy)
from the start of a rainfail event yielding to the
hyetograph of the event. Thus, the maximum
rainfali intensity used in rainfall-runoff anaiyses
expresses rainfali volume over a five-minute inter
vai. In the computations the theoretical accuracy
of 0.05 mm was used for the rainfaii volume and
the theoretical accuracy of 0.01 mm h1 for the
maximum intensity.
3.12 Magnitude of errors in rainfail
observations
The errors in rainfali measurement can be divided
into three major categories: (1) errors due to the
meteorologicai and instrumental factors combined,
(2) pure instrumentai errors, and (3) errors caused
by the observer or by unforeseen incidents
(Dahlström 1970).
The deficits of the first category are the
evaporation and condensation error, splashing
error, error due to the aerodynamic effect (wind
effect), error due to wetting of the gauge, and the
errors due to unsuitable position of the rain gauge.
Compared to these the errors of categories two
and three are occasional in nature, and of iess
importance.
Few results are available in the literature as to
detailed analysis of the magnitude of specific errors
in connection with the Hellmann pluviograph.
Dahlström (1973) reports on experiments made in
laboratory conditions and in a smali test fieid
with three instruments: the Hellmann piuviograph,
Swedish official rain gauge and Piuvius gauge.
The following conclusions were drawn by Dahi
ström as to the Heiimann gauge. In general,
evaporation from the Hellmann pluviograph is
insignificant. A minor outsplashing effect of drops
with a diameter of more than 5 mm was found;
for practical purposes the spiashing effect can yet
be neglected. The wetting error of pluviograph
Helimann was found to be smail; in the laboratory
conditions a rain amount of 10 mm gave a deficit
of roughly 0.05 mm. In general, the wetting loss
is of the order of a few per cent of the measured
precipitation. Values of 0.1 to 0.2 mm are generally
reported for various rain-gauge types, for example
by Solantie (1976).
Thus, the principal cause for the deficit in the
catch of the Hellmann pluviograph is the aero
dynamic effect, which is probably due to the shape
of the upper part of the instrument (upward
deflecting force acting above the orifice). In field
9experiments over four months Dahlström (1972)
found the total deficit of the Hellmann piuvio
graph at 1.2 m height to be 7 % of the rainfali
reaching the ground.
Madsen (1979) gives correction factors for the
aerodynamic effect ranging from 10 to 18 %.
The corrections depend on the month and are
based on the daily values of rainfail measured by
the Hellmann pluviograph at unsheltered sites in
Denmark. The observations cover the 1931—1960
period.
Madsen also presents a table of correction for
wind velocities up to 20 m s1 and mean rainfali
intensities up to 15 mm h’. The maximum cor
rection is of the order of 100 to 130 % for wind
velocities of 18 to 20 m s1 and intensities of 0.1 to
0.2 mm h’. Correction for the intensities of 1.5
to 2.5 mm h1 and velocities of 3 to 5 m s is
roughly 6 to 11 %.
On the basis of the literature studied, the total
deficit of rainfail volume is estimated to be of the
order of 10 % of the precipitation reaching the
ground in the test catchments of this investigation.
Yet, the error may be significantly higher during
the low-intensity rainfali events and smaller during
the intense rainfail events.
3.13 Evaluation of rainfali measurement
stations
In an urban catchment the placing of a rain gauge
is a difficult task, mainly because of vandalism,
which often prevents location of the gauge at a
point which would be the best from the theoretical
point of view. This probiem occurred in some of
the catchments of this investigation, too.
The suitability of a rainfall-measurement station
can be judged by analysing the distance and angle
of elevation to shelter from the station in different
quarters. In an urban area some error may be
induced in rainfali measurement by the aero
dynamic influence caused by nearby objects;
buildings etc. According to Dahlström (1970) for
example, a distance to the nearby objects at least
equalling their height should generally make this
error negligible. The classification of condition of
shelter, based originally on the work of Korhonen
(1951), which is used presently by the Finnish
Meteorological Institute, is shown in Table 4.
A description of the rainfall-measurement sta
tions of the test catchments and a rough evaluation
on the conditions of shelter, based on the method
referred above, are given in Table 4. The average
exposure figure was determined as an arithmetic
mean of the figures in eight directions. The
pluviographs were located on the ground level
except in the Kontula catchment where the
location was on the roof of a low building.
From the sizes of the test catchments it follows
that one pluviograph per catchment can be
considered adequate, even though the most
intense summer rains can be local to such an
extent that error may be induced to rainfali data
sometimes for this reason alone.
The approximate exposure figures, describing
the conditions of shelter, range from 35 to 70 %
in various catchments. The mean exposure figure
of the precipitation stations of the Finnish
Meteorological Institute has a value of 35 %
(Solantie 1976).
Table 4. Description of rainfall-measurement stations in test catchments.
Catchment Height of Angle of elevation in degrees/Horizontal distance in metres Average
station above to shelter in direction exposure
sealevel N NE E SE S sw w NW figurea
m %
Pakila ÷26 20/25 20/25 6/20 6/30 12/20 16/15 18/30 7/40 40
Kaukovainio ±16 6/80 2/90 5/50 12/80 26/25 23/40 30/30 36/30 35
Herttoniemi +14 6/120 40/15 0/15 7/10 4/170 5/150 13/100 42/10 50
Kontula ÷43 8/20 14/80 14/80 2/150 2/400 3/100 6/100 6/20 70
Nekala +88 2/100 9/30 5/30 17/20 2/200 13/10 15/8 3/130 65
Kajaani +142 6/190 7/80 5/45 7/50 8/100 13/50 11/60 17/40 45
Hämeenpuisto +101 9/50 52/15 14/10 23/15 8/60 36/15 35/20 2/500 35
a: based on classification used by Finnish Meteorological lnstitute:
class conditions in vicinity of station
1 fully sheltered (forest)
2 sheltered (trees, bushes etc.)
3 partly sheltered (buildings, low trees etc.)
4 unsheltered
angle of elevation
in degrees
>25
16—25
5—15
<5
exposure figure
%
0
25
50
100
10
The rainfall-measurement stations in the catch
ments of Kaukovainio, Hämeenpuisto and Pakila
can be considered better Iocated than the others,
the shelter in these test sites being rather good.
In the catchments of Kontula and Nekala the
rainfail measurement was more exposed to wind
effects than in the others (Table 4).
3.2 Runoff measurement
3.21 Requirements put on method of
measurement
For the purposes of the investigation, a runoff
measurement system was developed that could, at a
reasonable cost, be installed in the existing net
works through manholes in such a way that no
appreciable construction work was needed. Other
requirements were the reliable functioning under
unfavourable circumstances for a long period of
time, and the requirements for runoff sampling
(no significant disturbance in normal flow or
initiation of solids deposition). Also, attention
was directed on the measurement accuracy during
peak flows rather than the accuracy during very
low flows.
3.22 Measurement arrangements
The above requirements led to adoption of a
modification of the Palmer-Bowlus Venturi fiume
for pipes (Fig. 10) in six of the test catchments
and of a V-notch weir in the Herttoniemi
catchment (Table 5). The modified flume was
developed in the Hydraulics Laboratory of the
Helsinki University of Technology (Hepojoki and
Koskelo 1978, Airaksinen and Tähtelä 1978).
A pipe Venturi fiume resembling the one adopted
in this investigation, can be found in the
literature, e.g. by Diskin (1976).
A schematic illustration of the runoff measuring
arrangements used is given in Fig. 11. The Venturi
fiumes were installed through a manhole Iocated
on a straight pipe length, at a distance of roughly
10 cm from the manhole wall. An electronic
liquid-level transmitter (Finnish-made pressure
transducer LTR 200), placed in a stilling weIl
beside the manhole, was used for recording of the
water stage. The output signal from the pressure
transducer was received by a central unit of flow
measurement (Finnish-made FLO 110, compo
nent of the sampling device SAM 120, Fig. 12)
which gave an output current, linearily propor
tional to the flow rate and continually recorded the
flow on the chart.
The fiumes were calibrated for determination of
the rating curves in the laboratory in conditions
similar to the actual operating conditions. Tap
water had to be used for calibration. Thus, it was
assumed that the impurities of storm water and the
minor differences in viscosity and density when
compared to tap water, would not affect the
accuracy of the measurements. Calibration took
place in a fiume having maximum discharge of
380 1 s1. The rating curves of the largest
Venturi fiumes were developed on the basis of the
Froude’s model law.
3.23 Accuracy of runoff measurement
Test calibrations of the Venturi fiumes were
performed in situ by small current meters of type
A.Ott C 2 (propeller 30 mm in diameter) and
A.Ott C 1 (propeller 50 mm). The calibrations
took place during rainfall-runoff events. In some
catchments, discharge to the network was taken
from fire hydrants, too.
Table 5. Figures characterizing runoff-measurement systems.
Catchment Flow meter Pipe diameter Dimensioning of flow meter
in measurement bottom width angle of maximum flow water stage
point of Venturi inclination of rate ro be at maximum
flume Venturi-fiume measured flow rate
mm mm walls in degrees 1 s1 mm
Pakila pipe Venturi 500 100 54.4 210 540
Kaukovainio pipe Venturi 600 120 54.4 320 630
Herttonjemi V-notch weir 1 400 V-notch weir (90) 750 750
Kontula pipe Venturi 1 000 200 54.4 1 000a 970Nekala pipe Venturi 1 200 240 54.4 1 000 940
Kajaani pipe Venturi 800 160 54.4 650 840
Hämeenpuisto pipe Venturi 1 000 200 54.4 1 000 970
a: 8001 s1 since June 19, 1979
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Fig. 11. Schematic illustration of runoff-measurement
arrangemefltS.
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ingpipe
Fig. 9. Pluviograph of Hellmann type.
Fig. 10. Pipe Venturi fiume under construction.
Fig. 12. Central unit of flow measurement (FLO 110) in
connection with sampling device (SAM 120) used.
12
The flow velocities were measured by the
current meter in the manhole upstream from the
Venturi fiume. The number of measuring points
for each caiibration cross-section ranged from 4
to 10, being 5 on the average, on which the average
flow veiocity was computed as an arithmetic mean.
A summary on the field calibrations is given in
Table 6. In situ — calibration iri a storm drainage
network, where the range of discharge is very
wide, is a difficult and cumbersome task. The
calibrated flow rates are ali from the lower
section of discharge ranges (Tabie 6); only in the
Pakila catchment one of the calibrations represents
a water stage exceeding the pipe radius at the
measurement point. The V-notch weir of Hertto
niemi catchment was not calibrated in situ because
of difficult measurement conditions (large pipes,
many sewer junctions).
The measured flow rates were anaiysed manually
from the charts over five-minute intervais. As peak
flows during the runoff events, the instantaneous
maximum values were recorded, however. The
theoretical analytical accuracy of the fiow rate
ranged from 1 to 5 is’ depending on the
maximum discharge to be measured and the setting
values used in the recording device.
On the basis of field calibrations, it can be
estimated, that the accuracy of runoff measure
ment is of the order of ± 5 to ± 15 %. And
since the Venturi fiumes were especiaiiy designed
to measure peak flows, the accuracy for these is
better (± 5 to ± 10 %).
3.3 Analysis of catchment character
istics and meteorological data
instruments were used at critical points of the
drainage area. The accuracy of the determination
is estimated to be roughiy ± 0.5 hectares, or ± 1
to ± 5 % of the measured areas.
The average siopes of the storm-drainage net
works were computed as weighted means of pipe
lines, based on siopes surveyed on the sewer maps.
For determination of a rough average siope of the
paved drainage area, it was first divided into
homogeneous subcatchments for which average
siopes were determined in the field by using
leveiling equipment. The average slope of the
paved area was then computed by weighting the
subcatchment siopes with their areas.
The lengths of dry period preceding the studied
rainfall-runoff events were analysed manuaiiy from
the pluviograph chart of each catchment. The
accuracy of determination was one hour and 0.5
hours for the dry periods less than 10 hours.
If failures occurred, the flow charts of runoff
measurement were used to approximate the dry
periods.
The daily air temperature, used as an explana
tory variabie in the rainfall-runoff anaiyses, was
taken from the climatological stations of the
Finnish Meteorological Institute (1980) (Table 7)
as follows:
Herttoniemi
Kontula
mean of the temperatures in
Helsinki, Maimi, Airport
and in Helsinki, Kaisaniemi
the temperature in Helsinki,
Malmi, Airport
mean of the temperatures in
Helsinki, Kaisaniemi and in
Helsinki, Airport/Vantaa
Table 6. Results of field calibrations of Venturi fiumes by current meter.
Catchment Number of field Range of observations during caiibrations
calibrations water stage average flow average flow difference between
at calibration velocity measured rate measured flow rate registered by
section (from by currenr meter by current meter control unit FLO 110
pipe bottom) and that measured
by current meter
mm cm s1 1 s1 %
Pakila 4 175—315 38—57 23—75
—8 to +4
Kaukovainio 5 165—255 33—44 21—50
—3 to +8
Kontula 5 165—335 50—53 44—120 —4to +5
Nekala 4 125—240 34—44 27—64
—19 to +17
Kajaani 4 145—205 31—56 20—46
—13 to +6
Hämeenpuisto 6 205—355 29—39 37—96 ±0 to +12
Pakila
The sizes of the drainage areas were determined Nekala and the temperature in Tampere,
based on maps and carefui field surveys. Levelling Hämeenpuisto Airport
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Kajaani centre the temperature in Kajaani,
Airport/Kajaanin mlk
Kaukovainio the temperature in Oulu,
Koskikeskus
The accuracy of temperature measurement
is ± 0.1 °C.
3.4 Statistical and computational
methods
3.41 Statistical methods
The statistical theory and methods used in this
study can be found for example in Afifi and Azen
(1972), Draper and Smith (1966), Malik and Mullen
(1973), and Owen (1962).
The first step in the statistical analysis was the
test of the hypothesis on normal distribution of
the variabies. This was done by the Kolmogorov
Smirnov test. Conclusions on the nuil hypothesis
were drawn at the 95 % significance level using
two-sided testing.
In the case of two populations, the variance
ratio test was used to test the hypothesis on equal
variance. Conclusions were based on two-sided
testing.
If the hypothesis on equal variance was not
rejected, the test on the equality of the two popu
lation means was performed by the Student’s
statistic. In the case of unequal population
variances, the Welch’s approximation method was
applied to test the hypothesis on equal means.
Again, the conclusions were based on two-sided
testing.
The stepwise multiple regression was applied
in modelling the dependent runoff variables by
the explanatory variables. The studied models
fuifili following criteria: (1) F statistic of the
regression equation eguals at least the 95 % point
of the F distribution, (2) t statistics of the individ
ual regression coefficients are significant at least at
95 % level in two-sided testing. The residuals were
plotted graphically against the observed values of
the dependent variables to examine the adequacy
of the regression modeis derived.
3.42 Computation techniques
The test statistics dealing with two samples were
programmed for the desk calculator HP 97.
The procedures for large sampies were pro
grammed on the UNIVAC 1108 computer by
utilizing the IMSL (International Mathematical &
Statistical Libraries, mc.) subroutines. The statis
tical program package HYLPS was used in the
correlation and regression analysis. The computer
runs were performed in the Computing Centre
of the Helsinki University of Technology.
4. HYDROMETEOROLOGICAL
CONDITIONS OVER TEST
PERIOD
4.1 Basis of comparison
Observations from the climatological stations
(Table 7) of the Finnish Meteorological Institute
(1980) were used to analyse the hydrometeoro
logical conditions during the years 1977—1979.
Precipitation and air temperature in the stations
were analysed and compared to the long-term
averages of the 1931—1960 and 1961—1975 periods
available (Helimäki 1967, Kolkki 1966, Heino
1976).
4.2 Annual precipitation and
air temperature
The measured annual precipitation and mean
temperature, and the respective long-term averages
given in Table 8 show that their values are higher
on the southern coast of Finland (test catchments
of Pakila, Herttoniemi and Kontula).
In the year 1977, the precipitation was generally
higher than on the average: 21 to 25 % in the
stations of Helsinki, 20 % in Tampere and 15 % in
Kajaani. In the Oulu region the precipitation of
1977 was normal. The mean air temperature in
1977 was generally lower than the long-term
average.
The annual precipitation of 1978 was in general
lower than the long-term average: 6 to 24 % in the
Helsinki region, 6 % in Tampere, 27 % in Oulu
and 29 % in Kajaani. Also, the mean temperatures
were lower than on the average, and even more
distinctly than in 1977.
The precipitation of 1979 was slightly lower
(4 to 6 %) than the long-term average in the
stations of Helsinki, Kaisaniemi and Helsinki,
Airport/Vantaa. In the other climatological sta
tions the 1979 precipitation was slightly (7 to
11 %) higher than on the average. The tempera
tures in 1979 were close to normal.
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Table 7. Climatological and synoptic stations of Finnish Meteorological Institute (1980) referred in study.
Station Coordjnates Altitude from Distance
latitude longitude sea level
m km
Helsinki, Kaisaniemi 60°10’N 24°57’E +4 5 from Herttoniemi
8 from Pakila
Helsinki, Malmi, Airport 60°15’N 25°03’E +17 6 from Herttoniemi
2 from Kontula
Helsinki, Airport/Vantaa 60°19’N 24°58’E +53 8 from Pakila
Tampere, Airport 61°28’N 23°44’E ±85 3 from Nekala
3 from Hämeenpuisto
Kajaani, Airport/Kajaanin mlk 64°17’N 27°41’E +134 8 from Kajaani centre
Oulu, Koskikeskus 65°01’N 25°29’E +5 3 from Kaukovainio
Table 8. Measured annual precipitation and mean air temperature in studied climatological and synoptic stations in
years 1977—1979 and long-term averages (Finnish Meteorological lnstitute 1980, Helimäki 1967, Kolkki 1966, Heino
1976).
. Precipitation (mm) and mean air temperature (°C) in yearStation
1977 1978 1979 1931—1960 1961—1975
average average
mm °C mm °C mm °C mm °C mm
Helsinki, Kaisaniemi 785 4.6 605 3.9 618 4.7 647 54a 548 5.4
Helsinki, Malmi, Airport 798 4.0 575 3.3 689 4.3 b 44C 637 4.7
Helsinki, Airport/Vantaa 758 4.0 475 3.2 586 4.2
- d 624 4.7Tampere, Airport 612 3.5 476 3.0 542 3.8
- 3.8 508 4.0
Kajaani, Airport/Kajaanin mlk 614 1.2 376 —0.2 591 1.5 - - 533 1.6
Oulu, Koskikeskus 517 1.6 375 1.1 557 2.5 514e
- 516 2.2
a: Helsinki, Vuorikatu; b: not available; c: 24 observation years; d: 13 observation years; e: Oulu, Kaupunki
Table 9. Measured precipitation and mean air temperature during test periods in studied climatological and synoptic
stations in years 1977—1979 and long-term averages (Finnish Meteorological Institute 1980, Helimäki 1967, Kolkki
1966, Heino 1976).
Precipitation (mm) and mean air temperature (°C)
.
. during test period in year
Station Testperiod
1977 1978 1979 1931—1960 1961—1975
average average
mm 0 mm 0 mm 0 mm °C mm
Helsinki, Kaisaniemi May-November 500 10.2 467 10.4 423 10.6 41Q 362 11.0
Helsinki, Malmi, Airport May-November 525 9.8 448 10.0 477 10.4 - lO.2 421 10.4
Helsinki, Airport/Vantaa May-November 539 9.7 378 9.8 433 10.4 - - 425 10.4
Tampere, Airport May-November 445 9.4 383 10.2 427 10.0 - 98d 364 9.8
Kajaani, Airport/Kajaanin mlk June-October 364 9.4 239 9.4 378 10.3 - - 316 10.6
Oulu, Koskikeskus June-October 227 9.0 234 10.1 344 11.3 287e - 276 10.9
a: Helsinki, Vuorikatu; b: not available; c: 24 observation years; d: 13 observation years; e: Oulu, Kaupunki
4.3 Seasonal precipitation and
air temperature
The rainfall-runoff events measured in the inves
tigation were from the May-November period in
the test catchments of Helsinki and Tampere, and
from the June-October period in the catchments of
Oulu and Kajaani. In Table 9 the measured
precipitation and mean air temperature over these
test periods are given.
In 1977 the precipitations during the test period
were in general higher than the long-term averages:
22 to 27 % in Helsinki, 22 % in Tampere, and
15 % in Kajaani. In the Oulu region the
precipitation was however 19 % lower than on the
average. The mean air temperatures over the
period in 1977 were generally slightly lower than
on the average.
In 1978 the precipitation in Helsinki and
Tampere was near normal (Kaisaniemi + 14 %,
15
Airport/Vantaa
— 11 %, Malmi, Airport + 6 %;
Tampere, Airport + 5 %). In Oulu and Kajaani the
precipitations over the test period were distinctly
iower than on the average (— 17 % and — 24 %).
The air temperatures in the 1978 test period
were near normal.
In 1979 the precipitation over the test period
was higher than the long-term average in ali
regions: 2 to 13 % in Helsinki, 17 % in Tampere,
23 % in Oulu and 20 % in Kajaani. The mean
temperatures in 1979 were normal.
5. RESULTS AND DISCUSSION
5.1 Specifications
A schematic iilustration of the variables in
connection with the rainfall-runoff events studied
is given in Fig. 13.
A rainfali event was defined to be a continuous
separate rainfali pattern causing an observed runoff
in the catchment. Half an hour was used as a
minimum interval between two consecutive rainfali
events. This interval yielded an acceptable amount
of partly overlapping runoff events in the analysis.
Base flow occurring in the runoff-measurement
points was separated out in the analysis so that
only direct runoff caused by rainfail was studied.
The observed base flow was either due to the
leakage of ground water to storm drainage pipes,
or originating from previous rainfail events.
Separation of the base flow occurring in a pipe
network is a probiematic issue for which no
absolutely correct method exists. For example, the
ieakage of ground water may vary in an un
predictable manner during a runoff event depending
on the discharge in the pipes. In this study
a simple approach was chosen: the base flow
was separated out as constant throughout the
event, as schematized in Fig. 13. The existing
base flow, together with the fact that the accuracy
of runoff measurement was weak during the iow
flows, necessarily brings some inaccuracy to the
runoff data.
5.2 Dependent and explanatory
variabies
5.21 Runoff volume, peak flow and runoff
coefficients
runoff analysis (Fig. 13) were the runoff volume
caused by a rainfali event, and the total runoff
coefficient as defined according to equation (1)
= Q/P (1)
where
C is total runoff coefficient
P is rainfali volume of rainfall event (mm)
Q is runoff volume caused by rainfail event (mm)
The variables modelied in the peak flow analysis
(Fig. 13) were the peak flow during a runoff event,
caused by the rainfail peak of the respective event,
and the peak runoff coefficient defined as quotient
(2)
= (2)
where
is peak runoff coefficient
max is rainfail peak (maximum five-minute inten
sity of event) (mm h’)
qmx is peak flow caused by rainfail peak
(mm h1)
5.22 Rainfail and other hydrometeorologicai
variabies
In the modelling of the runoff volume and total
runoff coefficient, the explanatory variabies chosen
to characterize the rainfall patterns (Fig.13) were
the rainfail volume, rainfali duration (te) and mean
rainfail intensity (im)
In the modelling of the peak flow and peak
runoff coefficient, the characteristics of the rainfali
events (Fig. 13) were the maximum rainfail
intensity, rainfail voiume to the maximum inten
sity from beginning of the rainfali event (R),
and time from beginning of the rainfali event to
the maximum intensity (tR).
The effects of season (summer vs. autumn),
having impact on the evaporation and infiltration
capacities, were described by the mean daily
temperature (Tm) The temperature was taken
from the day to which the majority of a rainfail
event belonged.
The antecedent conditions, having effect on the
magnitude of depression storage and infiitration
capacity, were characterized by the preceding dry
period (td) which was defined as the time
interval from the start of a rainfail event to the
ending of the previous rainfali event generating an
observed runoff in the catchment (Fig. 13).The dependent variables modelled in the total
16
Preceding rainfail
runoff event
Rainfail - runoff
event studied
Time —
tp rainfati duration [min]
time to mxx from
start of event [ min
td preceding dry period [ h]
P rainfait volume [mm]
R rainfali voLume to imax
from start of event [ mm
mean rainfaLl intensity ( i PIt 1 [ mm /h 1
maximum rainfaLL intensity [ mm / h 1
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‘-i max
Runoff
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Fig. 13. Schematic illustration of variabies in connection with rainfall-runoff events.
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5.23 Catchment characteristics
The catchment characteristics used as explanatory
variabies were the percentage of paved surfaces in a
catchment (p1,), the average siope of the storm
drainage network, and the distance from the
remotest point of drainage network to the runoff
measurement point.
5.3 Properties of events and variabies
5.31 Number of rainfall-runoff events
The number of rainfall-runoff events in the
analysis is presented in Table 10.
5.32 Variable distributions
The key properties of the variable distributions
are given in Table 11.
5.321 Hypothesis on normal distribution
In general, the hypothesis on normal distribution
of the variabies was rejected at the 95 % signifi
cance level used, the distributions being strongly
skewed to the right (Table 11). The prominent
exceptions are the total and peak runoff coef
ficients; in the individual catchments the hy
pothesis on normal distribution had to be rejected
only for the peak runoff coefficient of the Hä
meenpuisto test site. Respectively, the hypothesis
on normally distributed daily air temperature
could not be rejected in four of the catchments.
Strong skewness is found to occur especially in the
distributions of the preceding dry period.
5.322 Magnitude of variance
The variance of the variabies was generally found
to be wide, the standard deviations being of the
order of 100 to 200 % of the arithmetic means in
the case of non-normally distributed variabies.
5.323 Observations in various catchments
Following conclusions may be drawn when proper
ties of the rainfali events and hydrometeorological
conditions in the various test catchments are
compared to each other.
The rainfali volumes in the sites of Hämeen
puisto, Kajaani and Kontula are somewhat lower
than those in the others. Some variation occurs in
the rainfali duration; the rainfail events studied
Tabie 10. Number of rainfali-runoff events.
Number of events inCatchment
runoff volume peak flow and
and total runoff peak runoff
coefficient coefficient
analysis analysis
Pakila 168 160
Kaukovainio 81 78
Herttoniemi 120 117
Kontula 71 68
Nekala 151 145
Kajaani 91 80
Hämeenpuisto 153 143
Ali catchments 835 791
(combined observations)
are the shortest in the Hämeenpuisto catchment.
Only minor variation is found in the mean rainfall
intensities between the test sites. The preceding
dry periods are somewhat longer in the catchments
of Pakila, Kaukovainio and Herttoniemi. No
significant differences can be found in the daily
temperatures analysed. The maximum intensities
of the rainfail events in the test catchment Kajaani
centre are lower than those in the others. The
maximum intensities in the test sites of Hertto
niemi and Kontula are slightly higher than the
intensities in the other catchments.
5.33 Representativeness of observations
The majority of the rainfall-runoff events in the
analysis date from the two-year period 1978—1979.
The percentages of the events in various catch
ments during the test years are distributed as
follows:
1977 1978 1979 1977—1979
Pakila 17 47 36 100
Kaukovainio 21 43 36 100
Herttoniemi 18 54 28 100
Kontula -
- 100 100
Nekala 6 58 36 100
Kajaani
- 59 41 100
Hämeenpuisto
- 42 58 100
On the basis of figures given in Table 9 it may
thus be concluded that as a whole the test period
represents hydrometeorological conditions near
normal as to precipitation and air temperature.
In Table 12 the long-term averages of the
number of days with precipitation during the test
period are shown in different test municipality
regions. As shown, over the test period the
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number of precipitation days in southern Finland
(test sites of Pakila, Herttoniemi, Kontula, Nekala
and Hämeenpuisto) is higher than the number in
nothern Finland (test sites of Kaukovainio and
Kajaani centre). This is also reflected in the
number of rainfall-runoff events in the various test
sites.
5.331 Rainfail volumes
In Table 12 also the maximum daily precipitation
in the test period, observed during 1961—1975 in
the climatological stations referred, is given.
The ratios between the maximum rainfali volumes
in the analysis and the maxima of the 1961—1975
period are as follows:
Pakila 0.8
Kaukovainio 0.3
Herttoniemi 0.5
Kontula 0.3
Nekala 0.6
Kajaani 0.5
Hämeenpuisto 0.3
In the comparison above, it has to be em
phasized that it follows from the definition of a
rainfali event in this study, that the studied
maximum rainfail volumes can never in practice
reach the ones measured over 24 hours, as those in
Table 12.
Another basis of comparison for the rainfali
volumes in this study can be taken from a work
by Solantie (1976) who has computed a rough
average of 5 mm for the -rainfali events with P 1.0
mm in the Finnish precipitation measurement
stations. In the data of this study, the arithmetic
mean of the events in the Herttoniemi catchment
is closest to this average. It has to be emphasized
that in the arithmetic means of this study also
rainfali events with P<1.0 mm are included.
5.332 Maximum rainfali intensities
Simojoki (1944) has analysed heavy rainfali data
gathered during May-October over the 1924—1941
period in six stations in different parts of Finland
(Helsinki, Jokioinen, Kokemäki, Varkaus, Revon
lahti, Sodankylä). In these observations the average
intensities, measured over intervals longer than one
minute (up to 180 minutes) differed little in the
various stations. The similarity of the heaviest
rains in extensive regions was also discussed by
Wäre (1961) who compared the intensities of rains
of 5 to 60 minutes’ duration at Vihti (period
1939—1960), Revonlahti (1926—1940) and
Stockholm (1907—1946).
Wäre (1961) has made an analysis of heavy
rains in May-October observed over a 20-year
period at Vihti, southern Finland. Based on an
analysis of the annual maxima of 10-minute heavy
rains in Helsinki (43 observation years) and
Revonlahti (34 years), and on the data taken from
the investigations of Simojoki and Wäre above, the
National Board of Building (Rakennushallitus
1969) has published a practical study on the return
periods of the heavy rains.
According to the graphs given by the National
Board of Building and to the tabies given by
Wäre, the following figures are valid for the five
minute intensities in May-October:
return period intensity in mm h’ according to
in years Board of Building Wäre (1961)
(Rakennushallitus 1969) (Vihti)
(whole country)
55
55 70
80 85
In the guidebook of sewer-network planning
released by the Association of Finnish Cities
(Kaupunkiliiton toimisto 1979) it is concluded that
the intensities given by the National Board of
Building are roughly 10 to 20 % too high for
northern Finland, 0 to 10 % too high for eastern
Finland, but 0 to 10 % too low for south-west and
western Finland (the upper limits are valid for the
events with longer duration and return period of
the order of 10 years).
The heaviest rainfall events are generally found
to occur in July and August when the other
hydrological factors tend to decrease the runoff.
Simojoki (1944) found that, on the average, 50 %
of the heavy rains occurred in July. Wäre (1961)
gives the following monthly averages for the
intensities of rain during a period of five minutes
and having a return period of two years:
month May June July August Sep- Octo
tember ber
intensity
in mm h’ 14 37 50 52 29 15
In this study, the rainfali was analysed over
consecutive five-minute intervais from the he
ginning point of the event in the pluviograph
chart. This procedure may in practice under
estimate the real maximum intensity to some
extent. By taking into account this and the
magnitude of errors present in the rainfali data, it
can be concluded that the maximum intensities in
the analysis of the various test catchments
1
2
5
21
Table 12. Average number of days with precipitation and maximum daily precipitation observed over 1961— 1975
in climatological and synoptic stations referred (Heino 1976).
Number of days in period studied Maximum daily
with precipitation precipitation
Station Period studied observed in
P>0.lmm P1.Omm P10.0 mm period studied
mmm 24hours
Helsinki, Kaisaniemi May-November 95 62 10 53.1
Helsinki, Malmi, Airport May-November 104 67 12 56.2
Helsinki, Airport/Vantaa May-November 113 68 12 58.6
Tampere, Airport May-November 139 68 9 53.3
Kajaani, Airport/Kajaanin mlk June-October 85 55 8 49.0
Oulu, Koskikeskus June-October 79 49 7 39.0
Table 13. Average proportion of surfaces generating direct runoff in test catchments during rainfall-runoff events.
Percentage
‘ ‘Iiti loss” model Fraction Signifi- Confidence interval of
Catchment paved surfaces Q=a (P—tP) ofvarjance cance coefficient a at level Ratio
in aIl with direet of Q ex- level of
access to a ‘P plained by model 95 % 99 % lOOaJp, 100-Ppn
drainage model
network 100 R2
Pp Ppn
mm % % % %
Pakila 29 23 0.16 0.7 93.9 99.9 0.16±0.01 0.16±0.01 55 70
Kaukovainio 30 23 0.16 0.5 94.9 99.9 0.16±0.01 0.16±0.01 53 70
Herttoniemi 35 21 0.23 1.0 91.6 99.9 0.23±0.01 0.23±0.02 66 110
Kontula 40 38 0.32 0.9 88.1 99.9 0.32±0.03 0.32±0.04 80 84
Nekala 40 31 0.35 0.7 96.0 99.9 0.35±0.01 0.35±0.02 88 113
Kajaani 64 57 0.51 0.5 96.1 99.9 0.51±0.02 0.51±0.03 80 89
Hämeenpuisto 67 67 0.62 0.4 93.7 99.9 0.62±0.03 0.62±0.03 93 93
Catchments, average
75 90
[—s , 5i+s] [60,90] [75,105]
represent approximate return periods of one to
two years in the Pakila test site, and of roughly
one year or less in the others.
5.333 Restriction of conciusions on
observations
The observations of the study are actuaiiy
from the two-year period 1978—1979. Moreover,
autumn 1978 is significantly represented in the
data. As to the maximum intensities, rare events
were not inciuded in the data analysed. Some rarer
events were missed in most catchments due to
instrument failures. Thus, accurately, the conclu
sions on the observations have to he restricted
to rainfail events with return periods of up to
two years, concerning maximum intensity and
rainfali volume.
5.4 Proportion of surfaces generating
direct runoff in catchment
5.41 Proportion of active area
The average proportion of the surfaces generating
direct runoff in the catchments was anaiysed with
an “initial loss” model of form (3)
Q = a (P— P) (3)
where
Q is runoff volume (mm)
a is average proportion of surfaces generating
direct runoff
P is rainfali volume (mm)
P is “initial ioss” (mm)
The “initial loss” modeis and their goodness
of-fit are given in Table 13 and Fig. 14. In ali
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Fig. 14. Rainfail volume (P) and runoff volume (Q) plots of events studied. Equations significant at 99.9 % level.
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catchment is less than the proportion of the paved
(impervious) surfaces, and in most catchments
even less than the proportion of the paved area
with direct access to the storm drainage system.
On the average, this “active” area is found to
be equal to 75 % of the proportion of the paved
surfaces in a catchment. Moreover, it can be
stated, based on the observations, that the
proportion of runoff-generating surfaces is of the
order of 50 to 80 % in the residential catchments,
and roughly 80 to 90 % in the city centres and
industrial catchments. A coefficient of the same
order of magnitude is given for example by Arneli
and Lyngfelt (1975) in their study on a 15.4 ha
Swedish catchment with 40 % of paved surfaces;
for base flow-separated events Arneli and Lyngfelt
mm 30 had, using the notation of formula (3), Q = 0.26
(P—0.4). Also, Colyer (1979) states referring to a
study on 510 rainfall-runoff events from 17
sewered urban catchments in the United Kingdom,
that in most catchments and catchment conditions,
the runoff volume is equivalent to significantly less
than 100 % of the rainfail on the impermeable area.
For a comparison of the magnitude of runoff in
the non-urbanized catchments, a reference may be
made to a study by Mustonen (1965). In this
study experiments in three catchments over 10
years yielded the conclusion that the rainfail during
the summer half of the year (May-October) in
southern Finland causes total runoff on average
between 30 and 60 mm, or 10 % of the total
summer rainfali in small basins.
There are several factors explaining the low
average proportion of “active” surfaces even in the
urban catchments. In principle, the volume of
runoff is equal to the volume of rainfall minus
losses. These losses are caused by the same
hydrological processes as in natural catchments,
but are very complex and difficult to quantify in
the urban catchments due to the existence of paved
surfaces and their varying characteristics. Part of
the rainfall is used in the initial wetting of surfaces
and filling of the depression storage. Some
evaporation takes place during the events, even
though it is in practice negligible in the fully
sewered urban catchments when determining
runoff volumes (Stoneham and Kidd 1977). Also,
even asphalt infiitrates some rainfail; this has been
concluded for instance by Falk and Niemczy
nowicz (1979) in their measurements on small
paved test catchments in Sweden. Finally, part of
the paved areas are constructed, either inten
tionally or unintentionally, to discharge their
runoff on pervious surfaces. This can be distinctly
seen in the difference between the percentage of
the paved surfaces and that of the paved surfaces
0
4L
Fig. 14. Continued.
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Fig. 15. Average proportion of surfaces generating direct
runoff during rainfali events (a) versus proportion of
paved surfaces (pilOO and Ppn1100)in test catchments.
catchments, the runoff is well modelled by the
“initial loss” model of the form shown in equation
(3). A graphical illustration on the average
proportion of surfaces generating runoff versus
proportion of the paved surfaces in the catchments
is given in Fig. 15.
According to the modeis given in Table 13, on
average, the proportion of surfaces generating
direct runoff during rainfali events in an urban
24
with direct access to the storm-drainage network
in the residential catchments of Pakila and
Kaukovainio. In the city centres the drainage of
storm water has to be more effective; therefore
the two percentages are equal in the catchment of
Hämeenpuisto.
5.42 Initial loss
The “initial loss” is a decreasing function of the
catchment siope and the percentage of paved
surfaces as shown in Fig. 16, even though these
relationships are not very clear in the case of this
study.
In the literature some estimates can he found
on the magnitude of “initial Ioss” in various
conditions. In their measurements of 13 small
paved test catchments, ranging from 78 to 641 m2
in area and 9 to 41 0/00 in weighted siope, Falk and
Niemczynowicz (1979) found a depression storage
ranging from 0.13 to 1.05 mm for initially dry
catchments. In that study ground-level rain gauges
were used and the small range of discharge to be
measured enabled accurate runoff measurement.
In an international workshop held in Wallingford
U.K. (Kidd 1978), depression storages of the order
of 0.1 to 1.5 mm were given for some Swedish,
English and Dutch small catchments ranging from
78 to 20 000 m2 in area. In the measurements
of a 15.6 ha test catchment having 32 % of paved
area, Pecher (1969) derived a value of 0.2 mm for
the initial wetting ioss and a value of 0.6 mm for
the depression storage. Based on a literature
survey, Pecher suggests values for depression
storage of the order of 0.6 to 1.5 mm in city
centres and 1.0 to 2.0 mm in suburban residential
areas.
In the Handbook of Applied Hydrology (Chow
1964) the difficulties in obtaining meaningful data
on the specific magnitude of depression storage are
stressed. One might anticipate larger values of
“initial Ioss” than the ones derived in this study.
Following factors have to be emphasized in this
context. First, the “initial loss’ as determined
according to equation (3) is very approximate,
actually including effects of the initial wetting,
infiltration, depression storage and detention
(storage effect due to overland flow and conduit
flow), and its magnitude is thus highly dependent
on the observations in the analysis (number of
events on dry catchment area versus number of
events on wet area, for example). Secondly, a real
urban catchment, in comparison to the srnall test
catchments referred above, is a complex mixture
of different surfaces, some of which have a
negligible depression storage. Stoneham and Kidd
(1977) conclude that the depression storage for
roofed areas is relatively insignificant or negligible.
As shown in Table 2, the percentage of roofs in
the paved area with direct access to the storm
-drainage system ranges from 24 to 33 % in the
residential, city-centre and industrial catchments of
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this study, thus certainiy having their impact on
the magnitude of the “initial ioss”. As referred
above, the “initial loss” in experiments by Arneli
and Lyngfelt (1975) was 0.4 mm in comparison.
Finally, it has to be emphasized that the errors
included in the rainfali and runoff measurements
tend to give too large runoff coefficients for the
smail rainfall-runoff events.
5.5 Modeis of runoff volume and total
runoff coefficient
The piots of rainfali and runoff volumes in the
seven test catchments are presented in Fig. 14.
As an example, the correlation matrix of the
variabies in the data of the Pakila catchment is
given in Appendix 1. Because the distributions of
the variabies (total runoff coefficient excluded)
differ significantiy from the normal distribution,
the coefficients of correlation are biased. Yet, the
nature of summer versus autumn rainfali events is
refiected in the coefficients (in the mid-summer
severe storms with short duration, high mean
intensity, high daily temperature and long pre
ceding dry period; in the autumn season rainfail
events with long duration, low mean intensity, low
daily temperature and short preceding dry period).
Multicollinearity of the explanatory variabies
was not found to cause significant problems in the
modelling.
5.51 Modelling approach
The stepwise multiple regression technique was
used to model the runoff volume and total runoff
coefficient by the rainfali and other hydro
meteorological variabies and catchment character
istics.
5.52 Fraction of variance explained and
adequacy of modeis
5.521 Runoff volume
The final modeis of runoff volume, their goodness
of-fit and the fraction of variance explained are
given in Table 14.
The runoff volume is weil modeiled by linear
modeis of the rainfali and other hydrometeoroiogi
cai variabies. The fraction of variance explained is
generaily over 90 % in the individual catchments
and siightly iess than 80 % for the combined
observations, where the percentage of paved
surfaces measures the catchment characteristics.
The rainfail volume alone (“initial ioss” model)
(Table 13) explains runoff volume to such an
extent that the other explanatory variabies do not
increase the fraction of variance explained from a
practical point of view. The increase in the fraction
of variance explained in different catchments, when
passing from the “initial ioss” modeis to the
modeis of Tabie 14, is of the order of one per cent
unit only.
The rainfali duration appears in the modeis
with a negative regression coefficient. This is due
to the fact that after the effect of rainfail volume
has been “fiitrated” out in the regression, the
shorter events yield higher runoff volume (because
of smaller infiitration and evaporation losses).
As to the combined observations, the rainfail
volume appears as the first variabie before the
percentage of paved surfaces. The rainfail volume
and percentage of paved surfaces explain together
77.1 % of the variance of runoff volume, the
increase in the fraction explained caused by the
rainfali duration and preceding dry period thus
being only 0.4 per cent units. The rainfail volume
alone expiains 68.3 % of the variance of runoff
volume in the case of combined observations.The
daily temperature does not prove to be a
significant explanatory variable in the model of
combined observations.
5.522 Total runoff coefficient
The final modeis of total runoff coefficient,
their goodness-of-fit and the fraction of variance
explained are given in Tabie 15.
Generally, the variable transformations were
found to increase significantly the fraction of
variance explained, raising the expiained fractions
from 30 to 50 % to the level of 50 to 60 %.
The rainfail duration and mean rainfali intensity
appear together as expianatory variabies in the
modeis of each test catchment, either of them
being the first explanatory variabie in order of
significance in the individual catchments. The
preceding dry period occurs as an explanatory
variable in six modeis. The mean temperature with
a negative regression coefficient appears in the
modeis of five of the catchments reflecting the
effects of season.
The properties of the test catchments are
naturally reflected in the magnitude of regression
coefficients of the individual modeis. The coef
ficient of rainfail duration is practicaliy the same
in the modeis of Pakila and Kaukovainio, but is
significantiy higher in the city centre of Kajaani
(Tabie 15). Respectively, the coefficients of mean
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Tabie 14. Final modeis of runoff volume. Significance level shows level at which each or weakest of regression coef
ficients of expianatory variabies in model is significant in two-sided testing by t test.
Catchment Model Significance Fraction of
level variance explained
100 R2
% %
Pakila Q= —0.10+0.159 P 99.9 93.9
Kaukovainio Q = 0.02+0.166 P—0.0008 td—O.008 Tm 95 96.4
Herttoniemi Q= 0.05+0.247 P—0.0009tp—0.015 Tm0007 td 95 92.6
Kontula Q = —0.21+0.348 P—0.0013 tp 95 88.8
Nekala Q = —0.15+0.374 P—O.0012 tp —0.0017 td 99.9 96.9
Kajaani Q O.6+O.S2P .OSTm 99 96.4
Hämeenpuisto Q = —0.12+0.660 P—0.00l6tp —0.0023 td 99.9 94.8
Ali catchments Q = —1.22+0.309 P+0.026 Pp0.007 t0.0009 td 99 77.5
Table 15. Finai modeis of total runoff coefficient.
Catchment Modei Significance Fraction of
Ieveia variance explained
100 R2
%
Pakiia = —0.012+0.032 intp +0.043 In m°°°3’Tm0.06 in td 99.9 61.2
Kaukovainio C = 0.050+0.026 intp —0.0037 Tm+O.O27 im005 in td 95 50.6
Herttoniemi C = —0.05 5+0.067 in jm+O.O44 intp —0.007 in tdO.0023 Tm 95 63.0
Kontula C = 0.15 1+0.061 in im+0.0085t50.0 57 Tm 95 45.8
Nekaia C = —0.019+0.081 in i+O.O52lntp —0.015 in td 99.9 53.9
Kajaani = 0.009+0.100 lntp+0.096 im0.027 in tdO.008OTm 99 63.7
Hameenpuisto C = —0.021+0.121 in m°106 lntp—0.025 in td 99.9 51.3
Ali catchments C = —0.411+0.0080 p+O.O63 lntp+0.074 ki lmO.03In td 99.9 71.3
a: as in Tabie 14
rainfali intensity in the catchments of Herttoniemi,
Kontula and Nekala do not differ in practice,
yet this regression coefficient is roughly double
in the city centre-catchment of Hämeenpuisto.
To give an idea of the importance of the
explanatory variabies in the modeis of Table 15,
the fraction of variance explained by the first
explanatory variable can be examined. The fol
lowing fractions of variance were explained:
dominant fraction explained
variable in per cent
in t, 22.8
in t 20.9
Ini, 21.4
in m 20.2
in m 23.8
in t 29.1
in i 17.2
Thus, an essential improvement is achieved by
taking the rest of the significant variabies into the
modeis.
When modelling the total runoff coefficient by
the hydrometeorological factors and catchment
characteristics combined, the percentage of paved
surfaces was taken to measure the catchment
properties. This variable appears as the first
explanatory variable in order of significance. The
percentage of paved surfaces, rainfali characteristics
and preceding dry period explain together 71.3 %
of the variance of total runoff coefficient. The
percentage of paved surfaces alone explains 51.7 %
of the variance, thus proving its crucial importance
as to the magnitude of total runoff coefficient.
Similar conclusions have been drawn in analyses
in the United Kingdom, for example (Stoneham
and Kidd 1977, Kidd 1978, Colyer 1979) where in
the multiple regression analysis for 510 rainfail
runoff events on 17 sewered urban catchments the
most important variabies, in order of significance,
were found to be the impervious area, soil type
and antecedent wetness. In these regressions the
severity of the rainfail event had no significant
effect on the percentage runoff.
catchment
Pakila
Kaukovainio
Herttoniemi
Kontula
Nekala
Kajaani
Hämeenpuisto
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Table 16. Accuracy of modeis in case of rainfali event yielding highest runoff volume in analysis.
Event characteristics Q modeis C modeisCatchment t
code season Ct Q P tp m td Tm Q QQ Qca o.jQ
(no/year) (month) mm mm min mmh1 h 0C mm % mm %
Pakila 74/78 Aug. 0.133 5.80 43.70 995 2.64 11 11.5 6.86 118 0.201 8.78 151
Kaukovainio 17/79 Sept. 0.181 2.28 12.60 710 1.06 0.5 9.9 2.03 89 0.187 2.36 104
Herttoniemi 02/77 Sept. 0.225 5.99 26.65 695 2.30 45 8.4 5.83 97 0.243 6.48 108
Kontula 06/79 June 0.447 8.01 17.90 335 3.21 102 13.0 5.58 70 0.304 5.44 68
Nekala 35/78 June 0.353 11.06 31.30 330 5.69 13 13.7 11.14 101 0.385 12.05 109
Kajaani 23/79 Aug. 0.492 10.87 22.10 395 3.36 3.0 16.5 10.90 100 0.560 12.38 114
Hämeenpuisto 41/79 July 0.696 10.06 14.45 320 2.71 1.0 13.7 8.91 89 0.713 10.30 102
a:Q CxP
5.523 Magnitude of residuals
The residual plots of the total runoff coefficient
model, derived for the Pakila catchment, are given
as an example in Appendix 2. In general, the
modeis may be considered adequate, even though
there is a tendency to underestimate the largest
total runoff coefficients. These are generally the
cases in which a rainfail event with small rainfali
volume occurs on a wet drainage area after a short
preceding dry period, when there stiil may be
runoff left in the drainage network due to previous
rainfail. At this time the errors in measurements
are relatively largest.
The final modeis of runoff volume and total
runoff coefficient were applied to estimate the
runoff volume in the cases of rainfali event causing
the highest volume in the analysis of various
catchments in order to study the magnitude of
residual in these crucial cases (Table 16).
On the average, both the volume and runoff
coefficient modeis give a good estimation. In the
Pakila catchment some overestimation of the
runoff volume can be found. In the Kontula
catchment, the modeis underestimate the highest
runoff volume; this is mainly due to the nature of
rainfali events in the analysis of the Kontula
catchment.
5.53 Dependence of total runoff coefficient on
catchment category
In general, it has been concluded in this study that
the percentage of paved surfaces in a catchment is
the best measure of catchment characteristics, to
which the total runoff coefficient may be attached.
The significance of the differences of the means
of total runoff coefficient was studied in detail in
the catchment pairs shown in Tabies 17 and 18.
When using the significance level of 95 %, the
hypothesis on equal variance of total runoff
Table 17. Test of hypothesis on equal variances of total
runoff coefficient in chosen catchments. Variance ratio
test at 95 % significance level. Two-sided testing.
Catchment pairs
Kaukovajnio/ Pakjla/ Kontula/
Pakila Kontula Nekala
Variance ratio 1.4 3.0 1.6
P_, 02 167,80 70, 167 150,70
F0975(o1 1.5 1.5 1.5
Hypothesis on
equal variances
has to be rejected no yes yes
Table 18. Test of hypothesis on equai means of total
runoff coefficient in chosen catchments. Welch’s ap
proximation method and t test at 95 % significance
level. Two-sided testing.
Catchment pairs
Kaukovainio/ Pakila/ Kontula/
Pakila Kontula Nekala
5 0.125 0.182 0.209
X2 0.098 0.098 0.182
s1 0.039 0.080 0.100
S2 0.046 0.046 0.080
n 81 71 151
°2 168 168 71
a 4.55 8.29 2.16
v 247 90.8 170.5
Test used t test Welch Welch
Hypothesis on
equal means
has to be rejected yes yes yes
a: percentiles of Student’s t distribution:
t0975( 0) = 1.99, t0 975(160) = 1.97,t0975(200) =
1.97
coefficients cannot be rejected in the catchment
pair of Kaukovainio and Pakila (Table 17). For the
other two catchment pairs the hypothesis has to be
rejected.
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In ali three catchment pairs the differences in
the means of totai runoff coefficient are significant
at the 95 % level (Table 18), which confirms the
cruciai role of the percentage of paved surfaces
concerning the size of total runoff coefficient.
Finaliy, based on the analyses performed above,
a simple procedure is given in Tabie 19 to derive
the approximate total runoff coefficient in various
catchment categories for use in estimation of the
average runoff volume caused by rainfali events. In
deriving the figures given, emphasis has been put
on the proportion of surfaces generating runoff in
a catchment.
The figures given in Table 19 lead to the
following range of average total runoff coefficient
in various catchment categories in practice:
category
suburban residential 0.05 to 0.15
iow-rise houses
high-rise houses,
iow dweiiing density
suburban residential
high-rise houses,
medium and high
dwelling density
industrial
city centre
commerciai
5.6 Modeis of peak flow and peak
runoff coefficient
The rnaximum rainfail intensity and respective
peak flow plots of the events are presented in
Fig. 17.
Again as an example, the correlation matrix of
the variabies in the data of the Pakila test site is
given in Appendix 1. Multicollinearity of the
explanatory variabies was not found to cause
problems in the modeiiing of peak flow and peak
runoff coefficient.
5.61 Modelling approach
The stepwise multiple regression was appiied to
derive modeis of the peak flow and peak runoff
coefficient.
5.62 Fraction of variance expiained and
adequacy of modeis
5.621 Peak flow
5.622 Peak runoff coefficient
The final modeis of peak runoff coefficient, their
goodness-of-fit and the fraction of variance ex
plained are given in Tabie 21.
The variable transformations improved the
model efficiencies significantly yielding 40 to 60 %
of the variance of peak runoff coefficient explained
in the individual catchments.
Exponent transformations of the explanatory
variabies were also tried. At the same time, a
dichotomous variable was forced into the modeis,
having a value of one when the rainfali peak
occurred at the first time-step of a rainfall event,
fiat catchrnents steep catchments
0.10 to 0.20
fit and the fraction of variance explained are given
in Tabie 20.
The peak flow is reasonably weil modelled by
the explanatory variables, the fraction of variance
explained being of the order of 70 to 80 % in the
individual catchments, and slightly iess than 60 %
in the case of the combined model.
The maximum intensity (rainfail peak) alone
explains of the order of 50 to 80 % of the variance
of peak flow in the individual catchments, as
shown in Fig. 17. Thus, the inclusion of especially
the rainfail volume up to the maximum intensity
improves the model efficiencies significantly. The
increase in the fraction explained due to inclusion
of the explanatory variables other than the
maximum intensity is as follows in the individual
catchrnents, expressed in per cent units:
coefficient in Pakila 10.1
Kaukovainio 30.3
Herttoniemi 5.0
Kontula 1.4
Nekala 8.9
0.20 to 0.30 0.30 to 0.40 Kajaani 14.2
Hämeenpuisto 5.9
The daily temperature does not appear in any of
the modeis.
0.20 to 0.50 0.30 to 0.60 As to the combined observations, the maximum
intensity appears as the first explanatory variable
0.40 tO 0.70 0.50 to 0.80 before the percentage of paved surfaces. These two
variabies explain together 52.5 % of the totai
variance of peak flow, the increase in the explained
fraction brought by the rainfail volume up to the
maximum intensity and preceding dry period thus
being oniy 5.9 per cent units.
For the combined observations, aiso various
combinations of the average slope of the storm
drainage network and of the distance to the
remotest point of network were tried. These
proved to be non-significant, however, as expiana
tory variabies.
The finai modeis of peak flow, their goodness-of
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Table 19. Magnitude of total runoff coefficient for various catchment categories to be used in estimation of average
runoff volume. Direct runoff caused by rainfail eventa.
Approximate percentage paved surfaces Magnitude of total
Catchment category of total drainage area runoff coefficienta
pp
%
Suburban residential 1 10—30 (0.5—0.6) Pp/100
low-rise catchments
high-rise catchments
with low dwelling density
Suburban residential II 30—50 (0.6—0.8) Pp/i°°
high-rise catchments
with medium and high dwelling density
Industriai 30—70 (0.8—0.9) Pp/100
City centre-commercial 50—90 (0.8—0.9) Pp/100
a: for traffic catchments figures given to city centre-commercial category are recommended to be used
Tabie 20. Final modeis of peak flow.
Catchment Model Significance Fraction of
level a variance explained
100 R2
% %
Pakila max = —0.21+0.083 imax+0.2SR°5—0.011 t3.5 95 86.0
Kaukovainio = 0.11+0.02 jmax+0.26 R°5 99.9 76.7
Herttoniemi ci —0.20+0.100 im+O.S °0.018 t35 95 79.1
Kontula = —0.41+0.166 imax+O.26 R°5 95 81.5
Nekala = —0.45+0.193 max°66 °0.054 t35 99 82.5
Kajaani qm = —0.32+0.1901max+0.64R°5 99.9 67.7
Hämeenpuisto = —0.95+0.373 imax+l.30 R°5 99.9 77.9
Ali catchments = —2.39+0.167 imax+O.O46pp+O.59R°50.035 t35 99 58.4
a: as in Table 14
Table 21. Final modeis of peak runoff coefficient.
Catchment Modei Significance Fraction of
levela variance explained
100 R2
% %
Pakiia = 0.076+0.015 in R+0.007 in 99 57.8
Kaukovainio Cp = 0.058+0.033 R°0.016 11 imax 99.9 65.0
Herttoniemi Cp = 0.041+0.029’5+0.010 in mi 0.00010 tj 95 44.4
Kontula = 0.019+0.035 in im+0.042R0’ 99.9 36.8
Nekala C, = 0.133+0.027 In R+0.039 in ij0.012 in td 99.9 52.7
Kajaani = 0.509+0.042 ln R0.085 inTmO.0l4 in td 95 399
Hämeenpuisto C, = 0.311+0.056 in R+0.066 in im,0.0093 t3.S 99 55.2
Ali catchments C, = —0.119+0.0061 9p40.027 inR+0.027 in im0.007in td 99.9 59.6
a: as in Tabie 14
and a value of zero otherwise. Yet, the dichot
omous variable proved to be significant only in
the catchments of Pakila, Herttoniemi and Hä
meenpuisto, and yielded a significantly higher
fraction of varianee explained just in the Hertto
niemi test site (52.4 % instead of 44.4 % given in
Table 21).
The rainfali volume up to the maximum inten
sity from the beginning of the event and the
maximum intensity appear together as explanatory
variabies in the modeis of six of the catchments,
and in this order of significance except in the
Kontula test site. The maximum intensity proves
to he non-significant as an explanatory variable in
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Fig. 17. Maximum rainfali intensity (m) and peak flow (ci) plots of evcnts studied. Equations significant at
99.9 % level.
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Fig. 17. Continued.
the catchment of Kajaani centre. In the model of
the Kaukovainio test site the maximum intensity
has a negative regression coefficient; this is due to
the fact that in this catchment events with long
preceding dry period simultaneously having the
rainfail peak in the beginning of the event, are
strongly represented in the data. The daily
temperature is found to appear as an explanatory
variable only in the model of the Kajaani test
catchment. The preceding dry period with a
negative regression coefficient appears as an
explanatory variable in four of the modeis.
The characteristics of the test catchments
influence the size of the regression coefficients.
In general, the values of the regression coefficients
of the maximum rainfail intensity and rainfali
volume up to the maximum intensity grow as a
function of the percentage of paved surfaces in a
catchment.
The rainfali volume up to the maximum inten
sity alone explains the following fraction of the
variance of peak runoff coefficient in the mdi
vidual catchments (Kontula excluded):
catchment dominant fraction explained
variable in per cent
Pakila ln R 55.7
Kaukovainio 46.6
Herttoniemi 37.4
Nekala ln R 37.0
Kajaani ln R 29.8
Hämeenpuisto In R 43.4
The ramnfail volume up to the maximum inten
sity thus proves to be a very dominant explanatory
variable, being responsible for 70 to 96 % of the
combined explanatory power. The rainfail peak is
of little importance from a practical point of view.
In the model of the combined observations, the
pereentage of paved surfaces appears as the first
explanatory variable in order of significance. The
percentage of paved surfaces, ramnfali volume to
the maximum intensity, maximum intensity and
the preceding dry period together explain 59.6 %
of the total variance of peak runoff coefficient. The
percentage of paved surfaces and the rainfali
volume to maximum intensity explain 55.9 % of’
the varianre, and the percentage of paved surfaces
alone 40.8 % of the variance, which confirms the
conclusion that the five-mmnute rainfali peak has a
minor effect on the magnitude of the peak runoff
coefficient.
The average slope of the drainage network and
the distance to the remotest point of network
proved to be non-significant as explanatory
variabies in the combined model.
5.623 Magnitude of residuals
The residual plots of the peak runoff coefficient
model of the Pakila catchment are given in
Appendix 2 as an example. Again, some bias is
found to occur in the modeis of the catchments
hut they can be considered adequate for practical
purposes.
The final modeis of the peak flow and peak
runoff coefficient were applied to estimate the
peak flow in the cases of rainfali event causing the
highest peak flow in the analysis in different
catchments (Table 22).
On the basis of observations, the dimensioning
peak flows are in reality caused by short and severe
storm events in the mid-summer. Yet, in some
suburban residential catchments with a low
dwelling density, the dimensioning situation might
appear in the early autumn caused by a rainfail
event having a lower intensity but occurring on
a wet drainage area.
The peak flow models underestimate the
maximum peak flow distinctly in all catchments
(Table 22). The modelling efficiency of the modeis
of peak runoff coefficient is better. They are found
to estimate the highest peak flow reasonably well
in the cases where the rainfail peak does not occur
in the beginning of the event, as in the catchments
of Pakila, Kaukovainio, and also Hämeenpuisto.
Yet, also these models underestimate the highest
peak flow when the maximum intensity appears
during the first five-mmnute interval of the rainfall
event, i.e. in the case of heavy storm over a dry
mm/h HÄMEENPUISTO
100R2=72%
15
qmo0 —
5—
0 10 20 30 40 mm/h50
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Table 22. Accuracy of modeis in case of rainfali event yielding highest peak flow in analysis.
Event characteristics qmax modeis C modeisCatchment
code season Cp qax ‘max R td Tm qmax,c qmax,c/ Cp q1cqm,c/(no/year) (month) max max
mmh1 1s mmh1 mm h O mmh1 % mmh1 %
Pakila 38/79 July 0.116 3.07 170 26.40 3.70 11 13.6 2.43 79 0.119 3.14 102
Kaukovainio 50/77 July 0.117 1.98 220 16.91 8.35 1.0 14.0 1.18 60 0.108 1.83 92
Herttoniemi 31/79 Aug. 0.148 5.49 230 37.20 0 53 17.2 3.43 62 0.072 2.68 49
Kontula 32/79 July 0.204 6.02 380 29.52 0 51 15.1 4.53 75 0.137 4.04 67
Nekaia 09/79 July 0.220 7.67 305 34.80 0.40 97 12.8 6.15 80 0.192 6.68 87
Kajaani 40/79 Sept. 0.440 6.34 325 14.40 2.65 1.0 10.3 3.46 55 0.3 52 5.07 80
Hämeenpuisto 31/78 July 0.567 19.38 710 34.20 1.40 23 18.7 13.34 69 0.518 17.72 91
a: qmax,c = p,c X
Table 23. Test of hypothesis on equal variances of peak
runoff coefficient in chosen catchments.Variance ratio
test at 95 % significance level. Two-sided testing.
Catchment pairs
Kaukovainio/ Pakila/ Kontula/
Pakila Kontula Nekala
Variance ratio 1.3 4.1 1.7
‘1’ °2 159,77 67,159 144,67
F0975(v,v2) 1.5 1.5 1.6
Hypothesis on
equal variances
has to be rejected no yes yes
Table 24. Test of hypothesis on equal means of peak
runoff coefficient in chosen catchments. Welch’s ap
proximation method and t test at 95 % significance
level. Two-sided testing.
Catchment pairs
Kaukovainio/ Pakjla/ Kontula/
Pakila Kontula Nekala
5 0.074 0.117 0.139
X2 0.066 0.074 0.117
s 0.037 0.075 0.097
S2 0.032 0.037 0.075
n1 160 68 145
n2 78 160 68
ta 1.63 4.50 1.81
v 236 81.6 168.2
Test used t test Welch Welch
Hypothesis on
equal means
has to be rejected no yes no
a: percentiles of Student’s t distribution:
t0975(80) = 1.99, t0 975(160) =
1.97
drainage area, as in the test sites of Herttoniemi,
Kontula and Nekala.
Thus, it is not possible to accurately estimate
the highest peak flow by the modelling technique
adopted here.
5.63 Dependence of peak runoff coefficient on
catchment category
The significance of the differences in the means of
peak runoff coefficient was studied between the
same catchment pairs as in the total runoff
coefficient analysis.
The hypothesis on equal variance of peak runoff
coefficients cannot be rejected for the catchment
pair of Kaukovainio and Pakila, but has to be
rejected for the two other ones (Table 23).
The test statistics given in Table 24 show that
the hypothesis on equal means of the peak runoff
coefficient cannot be rejected between the catch
ments of Pakila and Kaukovainio, and between the
catchments of Kontula and Nekala. The hypothesis
is rejected between the catchments of Pakila and
Kontula, on the other hand.
The results above support the conclusion, that
the percentage of paved surfaces is the dominant
factor determining the magnitude of the peak
runoff coefficient.
As in the case of total runoff coefficient (Table
19), the estimates on the magnitude of peak runoff
coefficient can be derived by relating it to the
percentage of paved surfaces (Table 25).
The ratios computed in Table 25 yield the
magnitude of dimensioning peak runoff coefficient
in various catchment categories as given in Table
26. Because the rainfali peak has a negligible effect
on the magnitude of peak runoff coefficient
beyond the impact of the proportion of imper
vious area in the catchment, the figures given in
1.97,t0975(200) =
33
Table 25. Peak runoff coefficient as function of proportion of paved surfaces in test catchments.
Catchment Proportion of paved Mean of peak Regression coefficient
surfaces in drainage ninoff coefficient of maximum intensity Ratio
area (Table 2) (Table 11) (Fig. 17)
p/l00 a1 100 100 aj/pp
Pakila 0.29 0.074 0.083 0.26 0.29
Kaukovainio 0.30 0.066 0.029 0.22 0.10
Herttoniemi 0.35 0.083 0.11 0.24 0.31
Kontula 0.40 0.12 0.17 0.30 0.43
Nekala 0.40 0.14 0.22 0.35 0.55
Kajaani 0.64 0.25 0.22 0.39 0.34
Hämeenpuisto 0.67 0.29 0.42 0.43 0.63
Table 26. Magnitude of peak runoff coefficient for various catchment categories to be used in estimation of dimen
sioning peak flow. Peak flow caused by rainfali peak over five-minute interval a
Approximate percentage paved surfaces Magnitude of peak
Catchment category of total drainage area mnoff coefficienta
Pp
Suburban residential 1 10—30 (0.2—0.3) p,/100
low-rise catchments
high-rise catchments
with Iow dwelling density
Suburban residential II 30—50 (0.3—0.5) p,/100
high-rise catchments
wjth medium and high dweiling density
lndustrjal 30—70 (0.4—0.6) p,/100
City centre-coinmercial 50—90 (0.4—0.6) p,/l00
a: for traffic catchments figures given to city centre-commercial category are recommended to be used
Table 26 might in practice be used in estimation
of the dimensioning peak flow caused by a five
minute rainfali peak having a return period of more
than two years, too. The estimates are applicable
to the range of drainage-area sizes in this study.
The figures given in Table 26 yield the following
range of the dimensioning peak runoff coefficient
in various catchment categories in practice:
suburban residential 0.05
iow-rise houses
high-rise houses,
low dwelling density
suburban residential 0.10 to 0.15
high-rise houses,
medium and high
dwelling density
industrial
City centre
commercial
5.7 Discussion
category coefficient in
fiat catchments steep catchments
0.05 to 0.10
The objectives of this study were:
1) to obtain the magnitude of the runoff coef
ficients in various catchment categories for use
in dimensioning of the storm-drainage net
works, and
2) to analyse and quantify the dependence of the
runoff coefficients on catchment characteristics
and hydrometeorological factors
The measurement of both the rainfail and runoff
in an urban catchment are exposed to errors. In the
rainfali measurement, these errors are greatly
related to the fact that a rain gauge cannot usually
be located at the best point from the theoretical
point of view because of practical reasons. As a
0.15 t0 0.25 consequence of this and the rain gauge type
(pluviograph He11mapused, errors due to the
aerodynamic effects are present in the rainfail data.
0.10 0.30 0.20 0.40 In the runoff measurement, the range of discharge
to be measured is vety wide, thus decreasing the
0.20 0.35 0.30 0.50 accuracy of flow measurement. In this study, also
3 1281028201—13
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Table 27. Effects of significant explanatory variabies on dependent runoff variabies on basis of regression of combined
observations. + indicates increasing effect of explanatory variable, — indicates decreasing effect of explanatory van
able. ** shows that regression coefficient of explanatory variable is significant at 99 % level, *** shows significance
at 99.9 % level (two-sided testing by t test).
Dependent Fraction Explanatory variabies
runoff of variance
variable explained P tp in tp In m td t35 lfl td max lnmax R°5 lfl R Pp
100R2
%
Q 77.5 + — — +
*** ** **
C 71.3 + + — +
*** *** *** ***
58.4 — + + +
**
C, 59.6 — + + +
*** *** *** ***
the base flow occurring occasionally in the net
works had its own impact on the accuracy of the
runoff data.
On the average, the accuracy of measurements is
acceptable. Yet, the inaccuracies may yield slight
bias in the modeis derived.
The rare events are missing from the data. Yet,
the analysis of the gathered data proves that the
magnitude of both the total and peak runoff
coefficients in various catchment categories has
been derived for practical purposes (Fig. 18), and
that the significant hydrometeorological variabies
have been detected (Table 27). The results are
directly applicable in dimensioning of the storm
drainage pipes and retention basins.
6. CONCLUSIONS
The analysis of the observations of rainfali
runoff events gathered in the investigation yielded
the following conclusions:
1. The dominant factor determining the magni
tude of both the total and peak runoff coef
ficients is the percentage of paved (impervious)
surfaces in a catchment. Apart from the impact
of the proportion of impervious area, the
rainfali peak has no significant effect on the
size of the dimensioning peak runoff coefficient.
2. During rainfall-runoff events, on the average,
the proportion of surfaces generating direct
runoff in an urban catchment accounts for 50
to 80 % of the proportion of paved surfaces in
the residential catchments, and for 80 to 90 %
in the city centres and industrial catchments.
3. The magnitude of the dimensioning peak
runoff coefficient, caused by a rainfali peak over
a five-minute interval, is 0.05 to 0.10 in the
residential catchments with a low dwelling
density, 0.10 to 0.25 in the other residential
catchments, 0.10 to 0.40 in the industrial
catchments, and 0.20 to 0.50 in the city centres.
4. The prevailing hydrometeorological circum
stances (season and antecedent precipitation)
have a significant influence on runoff coef
ficients.
5. Roughly half of the variance of the runoff
coefficients in individual catchments can be
explained by variables characterizing the rainfali
events, seasonal and antecedent conditions.
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LOPPUTIIVISTELMÄ
Valtakunnallisen hulevesitutkimuksen kenttäko
keet suoritettiin vuosina 1977—1979 Maj ja Tor
Nessiingin Säätiön ollessa tutkimuksen päärahoit
taj a.
Tutkimuksen yhdeksi päätavoitteeksi on ase
tettu antaa käsitys taajama-alueiden hulevesien
määrän riippuvuudesta aluetekijöistä ja hydro
meteorologisista tekijöistä.
Tutkimuksen kenttäkokeet suoritettiin em. kol
mivuotiskaudella seitsemällä koealueella, joiden
pinta-alat vaihtelivat välillä 13,2—40,5 ha ja pääl
lystettyjen pintojen osuudet välillä 29—67 %
valuma-alueesta.
Kerätyn sadanta-valunta-aineiston käsittely on
johtanut seuraaviin johtopäätöksiin:
1. Alueen päällystettyjen (läpäisemättömien) pin
tojen osuus määrää selvästi sekä kokonaisvalu
miskertoimen että huipun valumiskertoimen
suuruusluokan. Läpäisemättömien pintojen
osuuden rinnalla sadetapahtuman sadehuipun
suuruudella ei ole merkitystä mitoittavan hui
pun valumiskertoimen suuruusluokan määräy
tymisessä.
2. Sadetapahtumien aikana välitöntä valuntaa ai
heuttavien pintojen osuus on suuruusluokkaa
50—80 % päällystettyjen pintojen osuudesta
asuntoalueilla ja 80—90 % keskusta- ja teolli
suusalueilla.
3. Viiden minuutin sadehuipun aiheuttama mitoit
tava huipun valumiskerroin on suuruusluok
kaa 0,05—0,10 pientaloalueilla ja kerrostalo
alueilla, joilla on alhainen rakennustehokkuus,
0,10—0,25 muilla kerrostaloalueilla, 0,10—0,40
teollisuusalueilla ja 0,20—0,50 keskusta-alueilla.
4. Vallitsevilla hydrometeorologisilla tekijöillä
(vuodenaika ja esisadanta) on selvä vaikutus -
sadetapahtuman aiheuttaman valunnan ja vir
taamahuipun suuruuteen.
5. Yksittäisellä taajama-alueella voidaan noin
puolet valumiskertoimien vaihtelusta selittää
sadetapahtumia, ajankohtaa ja edeltäviä olo
suhteita kuvaavilla muuttujilla.
LIST OF SYMBOLS
a average proportion of surfaces gen
erating direct runoff in catchment
regression coefficient of maximum
rainfall intensity
peak runoff coefficient
total runoff coefficient
Kolmogorov-Smirnov test statistic
v2) critical value of F distribution with
v1 and v2 degrees of freedom in two
sided testing at 95 % significance level
mean rainfall intensity (mm h-1)
max maximum (five-minute) rainfall
intensity (mm h1)
m median value
max maximum value
min minimum value
n number of observations
v degrees of freedom of t distribution
v1, v2 degrees of freedom of F distribution
percentage of paved surfaces (% of
drainage area)
p,., percentage of paved surfaces with
direct access to storm-drainage net
work (% of drainage area)
P rainfall volume (mm)
“initial loss” in catchment (mm)
q base flow (mm h’)
qmax peak flow (mm h’)
Q. runoff volume (mm)
R rainfall volume up to maximum inten
sity from beginning of rainfall event
(mm)
100 R2 fraction of variance explained (mul
tiple correlation squared) (%)
s standard deviation
almax
cp
ct
D
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average siope of paved catchment
area (0/00)
t test statistic in Student’s t test and
Welch’s approximation method
t0975(v) critical value of t distribution with
v degrees of freedom in two-sided
testing at 95 % significance level
td preceding dry period (h)
rainfail duration (min)
tR time up to maximum intensity from
beginning of rainfall event (min)
Tm mean daily temperature (°C)
ii arithmetic mean
arithmetic mean of variable X
computed value of variable Y
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Appendix 1. Correlation matrices of variabies in Pakila catchment data.
Coefficients of correlation are biased due to non-normality of variabies.
C and Q analysis (n = 168)
C Q tp m td Tm
C 1.00 0.66 0.57 0.44 0.29 0.02 —0.26
Q 1.00 0.97 0.69 0.26 0.14 —0.13
P 1.00 0.73 0.25 0.17 —0.11
tp 1.00 —0.20 0.14 —0.31
‘m 1.00 0.08 0.27
td 1.00 —0.05
Tm 1.00
Cp and qmax analysis (n = 160)
C, max max R tR td Tm
C 1.00 0.51 0.15 0.64 0.47 0.07 —0.15
max 1.00 0.87 0.34 0.05 0.25 0.07
‘max 1.00 0.08 —0.13 0.38 0.13
R 1.00 0.80 0.05 —0.19
tR 1.00 0.10 —0.26
td 1.00 —0.06
Tm 1.00
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Appendix 2. Residual plots of total and peak runoff coefficient modeis of Pakila catchment.
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